ABSTRACT In the mid-1960s egg production, fertility, and hatchability of broiler breeder females dropped precipitously. Due to disrupted follicle hierarchies and development of the erratic oviposition and defective eggs (EODES) syndrome. EODES was controlled by restricting feed. In the 1990s, another set of problems arose at entry of broiler breeders into lay and characterized by high mortality followed by lower peak lay and reduction in egg and chick production. These problems are induced by even slight over-feeding, and hence we termed it the "Over Feeding Complex" (OFC). We have speculated that OFC is a quasi-EODES condition, induced by the intense selection for increased breast proportion. To test this, we compared, under fast (FF) and slow (SF) release from feed restriction, body composition and reproductive performance of a broiler breeder from year 1980 (B1980) and kept without selection for performance traits since then, to a line hatched in 2000 (B2000). During the first 16 d of lay, feeding treatment had little effect on egg mass or Laying % for the B1980 birds, while for the B2000 birds, SF treatment resulted in significantly greater egg mass and Laying % compared to FF, showing that the OFC indeed manifested in this experiment. However, contrary to hypothesis, follicle hierarchies were normal for both lines under both feeding treatments. To gain further insight into the OFC syndrome, we here report levels of estradiol, testosterone, and progesterone for these line and treatment groups in the time period leading up to and into lay. A significant line × feeding treatment interaction effect was found for estradiol and testosterone, to a lesser extent for progesterone. For all 3 hormones, for B1980 levels 2 to 3 wk post entry into lay were similar and intermediate under FF and SF, but differed significantly for B2000, being much greater under SF than under FF. Thus, the hormonal effects were parallel and may explain the egg mass and Laying % effects of FF and SF in the 2 genetic types.
INTRODUCTION
In the mid-1960s egg production, fertility, and hatchability of broiler breeder females dropped precipitously, endangering the economic viability of the industry. The problems were shown to be due to over-production of large yellow follicles leading to disrupted follicle hierarchies and consequent development of the erratic oviposition and defective eggs (EODES) syndrome (Jaap and Muir, 1968; Van Middlekoop, 1971 , 1972 . It was soon found that EODES could be successfully controlled by restricting feed intake of broiler breeder females; initially during rearing, and later during the entire reproductive period (reviewed in Decuypere et al. 2006 and Renema et al. 2007 ). Control of EODES by restricting feed intake, led inevitably to the selfevident hypothesis that EODES was caused by ad libitum feeding of the broiler breeder hens. This was confirmed by raising broiler breeders ad libitum in suitably designed experiments (Hocking et al., 1987; Katanbaf et al., 1989a,b; Yu et al., 1992; Walzen et al., 1993) . Many studies have shown that the degree of development of EODES appears to stand in monotonic relation to the degree of over-feeding relative to breeder recommendations and ad libitum (reviewed in Eitan and Soller, 2009 ).
In the 1990s, a new set of problems arose centered at entry of the broiler breeder into lay (Robinson et al., 1995; Hocking, 1996; Meijerhof, 2005) and characterized 3728 by high mortality at onset of lay (Spradley et al., 2008) followed by lower peak lay and reduction in egg and chick production (Katanbaf et al., 1989a,b; Robinson et al., 1998; Renema et al., 2008) . This set of problems is induced by even slight over-feeding at entry to lay (so called "aggressive feeding") relative to the breeder's recommendation, and hence we have termed it the "Over Feeding Complex" (OFC, in Eitan and Soller, 2009) . We have elsewhere speculated that the OFC is a quasi-EODES condition, induced by a synergistic interaction between the very severe feed restriction of the growing pullet until the start of the maturation processes at age 15 to 16 wk, and the intense selection for increased breast proportion beginning at about 1980 (Eitan and Soller, 2009) .
To test this hypothesis, Eitan et al. (2014) compared body composition and reproductive performance of a broiler breeder line hatched in 1980 (B1980) and kept without selection for performance traits since then, to a broiler breeder line hatched in 2000 (B2000), under fast (FF) and slow (SF) release from feed restriction. Breast proportion increased by 40%, whereas abdominal fat pad proportion decreased by 50% when comparing B1980 and B2000 birds. Interaction effects on these traits were not present. In contrast, there was a striking interaction for Laying % and egg mass for the 2 wk following onset of lay. Feeding treatment had little effect on egg mass or Laying % for the B1980 birds, while there was a very powerful positive effect of SF feeding treatment for the B2000 birds showing that the OFC indeed manifested in this experiment. However, contrary to initial hypothesis, feeding treatment did not interact with genetic type with respect to follicle development; hierarchies were normal for B1980 and B2000 birds under both feeding treatments.
In order to gain further insight into the OFC syndrome, as part of the same experiment (Eitan et al., 2014) , we measured and here report hormone levels for estradiol (E2), testosterone (TT), and progesterone (P4), in the time period leading up to and across entry into lay in B1980 an B2000 birds under SF and FF treatments. These are the main plasma gonadal steroids that represent the developmental status of the gonadal axis of the hen.
MATERIALS AND METHODS

Population
In this study, 2 female broiler breeder lines were compared under fast and slow release from restriction at entry into lay. One, representing the genetic level of the year 1980; the other, representing the genetic level of the year 2000. Effects of line and feeding treatment on body composition and reproductive performance were published previously (Eitan et al., 2014) , and full description of stocks, rearing procedures, and experimental feeding treatments are provided in that publication. 
Experimental Feeding Treatments
Food was provided ad libitum until 21 d of age for the B2000 group and 30 d for the B1980 group. Following recommendations of the "Cobb Breeder Management Guide, 1998", food quantities were adjusted for the B2000 to reach target weights of 1580 g at 105 d and 2400 g at 147 d. Following recommendations of the "Arbor Acre Management Guide, 1980", feed quantities for B1980 were adjusted to reach target weights of 1580 g at 105 d and 2140 g at 147 d. At 21 wk, both groups (B2000 and B1980) were divided into 2 subgroups, and each subgroup received either a FF or a SF treatment. For the FF treatment, beginning at 70 g/d for B1980 and 50 g/d for B2000, feed quantities were increased by +20 g/d for wk 22 and +10 g/d weekly thereafter, until maximum of 140 g/d. The birds were maintained at this level until all entered lay. For the SF treatment, beginning from the same amounts of feed/d as above, feed quantities were increased by +10 g/d for wk 22 and +5 g/d weekly thereafter, until maximum of 110 g/d, at which feed level all SF pullets had entered lay. Research was done before formation of university institutional animal care and use committee, but all procedures were in accord with accepted principles and guidelines for animal care (FASS, 2010) .
Photoperiod
Chicks were brooded for 21 d in electrically heated batteries, and then transferred to floor pens until reaching suitable BW for transfer to individual cages in a light-controlled shed at 28 to 40 d, depending on line. Naturally decreasing photoperiod was provided until transfer to cages. In the shed, photoperiod was 8L:16D until 21 wk of age. At 21 wk, photoperiod was increased to 12L:12D, and by 1 h every 2 wk until 17L:7D.
Sample and Data Collection
The birds were divided into 4 groups of 20 to 24 birds each, according to genetic-type × feeding-treatment combination. Each group was divided into 2 replicate blocks of 10 to 12 birds each. The birds were housed in a darkout shed, in individual cages, according to the following scheme, where groups are coded A = B1980-SF, B = B1980-FF, C = B2000-SF, and D = B2000-FF; and replicates are coded 1 and 2: A1, A2: B1, B2 etc.
A1-B1-C2-D2: upper row D1-C1-B2-A2: lower row Although exact time of day when samples were collected was not recorded, it was always between 9:00 to 12:00 am. Thus, any residual diurnal variation should not affect hormone levels for E4 and TT which do not show diurnal variation. However, P4 levels are known to show large diurnal variation, and this residual variation was not controlled. Thus, it may be a source of error variation for P4. That being said, the time of collection did not vary systematically among treatment groups, and consequently should not confound the results.
Hormone Assays
Heparinized blood samples of 2 to 3 mL were drawn from the brachial vein at 19 wk, and weekly from 21 wk. Samples were kept in ice, and taken to the Hebrew University Faculty of Agriculture at Rehovot. Plasma was stored at -20 o C until assayed. All samples were measured on the same day, and plasma E2, TT, and P4 were measured in a single assay by enzyme-linked immunosorbent assay according to a previously described method (Nash et al., 2000) , which was validated for laying hens. Dilutions of primary antibody and tracer were 1:320 000 and 1:320 for E2; 1:160 000 and 1:160 for TT and 1:5000 and 1:50 for P4. For all 3 hormones, the minimal detectable dose was 0.78 pg/mL, and the inter-assay coefficients of variation were less than 5%.
Statistical Analyses
Since at a given chronological age every bird may be in a different physiological state relative to entering lay, changes in the mean hormone value of a population with age primarily reflect the changing proportion of birds that are in lay or close to lay, rather than the physiological state of the bird. In order to account for this, data were plotted against each individual's "physiological age". That is, for each bird, the week of laying the first egg was taken as the origin (zero) week for measuring physiological age. Measurement dates for each bird were assigned positive (+) or negative (-) physiological age values, according to number of weeks preceding or following week of initiation of lay (zero).
As compared to chronological age, the physiological age analysis has 2 weaknesses. (1) The number of samples in each "physiological week" for a given treatment group depends on the number of birds at a given removal from first egg, and thus varies much more than when analyzed according to the chronological age. Thus, the procedure introduces a degree of experimental sampling of birds in moving from week to week. (2) Photoperiod and feeding quantities were increased systematically for all birds according to chronological age. Consequently, the birds at a given physiological age can be at a different photoperiod and feeding levels, depending on the effect of their genetic type and feeding treatment on age at first egg. It should be noted, however, that after the first week, the photoperiod for all treatment groups was above the minimal duration of 10 to 13 h of light needed for entering lay (Sharp 1993) .
To test for statistical significance of treatment and genetic-line effects, data were analyzed as a 2-way ANOVA with genetic line, and feeding treatment as the main effects, using the Fit Model procedure of JMP version 4.01 (SAS Institute Inc., Cary, NC). To reduce fluctuations among sample groups in the ANOVA, the data of each 2 consecutive physiological ages, starting from -9 wk were combined into "Periods" of combined weeks, i.e., Period A: -8, -9 wk; Period B: -6, -7 wk; Period C: -4, -5 wk; Period D: -2, -3 wk; Period E: -1, 0, +1 wk; Period F: +2, +3 wk. ANOVA analysis for each of the 3 hormones was implemented separately for periods B, D, and F. Results for E2, TT, and P4 are presented in Table 2 . When interaction effects were significant we tested subclass means for significance of differences between line × treatment groups, and examined the obtained values for the story that they tell. The usual P = 0.05 significance level was used; correction was not made for multiple tests.
RESULTS
Hormone Levels by Physiological Age
Figures 1A, 2 and 3 show mean hormone levels by physiological age for E2, TT, and P4. Samples were taken for all birds at the same chronological start point. The treatment groups, however, entered lay at different chronological ages (as may be seen in Figure 1A for E2). Consequently, physiological start point was further from first egg for groups with later onset of sexual maturity (e.g., start point at -11 wk for B2000 SF) and closer to first egg for groups with earlier onset (e.g., -8 wk for B1980 FF and SF). Figure 1A shows E2 levels against physiological age. Differences among treatment groups within age groups in the weeks prior to first egg are small, indicating good technical control of measurement variation. There is a steady slow and linear rise in E2 levels from 11 wk before lay until 2 or 3 wk after onset of lay, when the birds were taken for examinations. The steady rise continues unabated across first egg and into the laying period for all except the B2000 SF group. This group shows a marked increase on entry into lay, clearly distinguishing it from the other treatment groups. It is noteworthy that after entry into lay B2000 and B1980 differ widely under SF (B2000 SF is highest group and B1980 SF is the lowest), while under FF, B2000 and B1980 are intermediate and very similar in hormone levels. Thus, feeding-treatment effect appears to depend on line, i.e., technically speaking there is an apparent feeding × line interaction effect. Figure 1B shows E2 levels against chronological age. The much greater differences among treatment × line groups at given chronological age ( Figure 1B) , compared to much smaller differences among groups at given physiological age ( Figure 1A) , clearly justifies the use of physiological age as our parameter of interest. Figure 2 shows TT levels against physiological age. In contrast to E2, there are large differences among treatment groups at the same physiological age and across physiological age within treatment groups, particularly for B1980 FF and B2000 FF. Differences within and across physiological age groups for B2000 SF and B1980 SF were much smaller. Overall, TT levels start high and remain high until wk 0. At this point, for B1980 FF and B1980 SF, there is tendency to increase, but not dramatically. B2000 SF, however, increased markedly from being the treatment group with lowest hormone level prior to first egg, to being the treatment group with highest hormone level after first egg. The post-lay interaction pattern seen with E2 recurs here also: under SF, B2000 has highest hormone levels, B1980 the lowest, while under FF, B2000 and B1980 are similar and intermediate. Figure 3 shows mean P4 levels of the 4 treatment groups against physiological age. Hormone levels start and remain very low until -2 wk, and rise dramatically with first egg. Here too, the very tight scatter of means of the 4 groups within any given physiological age prior to first egg shows that the assay was highly reproducible and had little technical variation. Thus, the large differences among groups on entry into lay and post entry into lay can be taken to reflect the actual variation in hormone levels, for the sampled groups. This may be due in part to residual diurnal variation within the time window of sampling, and differences among the sampled birds in the same physiological-age sample groups as explained above. Here too, the same post-lay hormone level pattern can be discerned in large part: under SF, B1980 is lowest and B2000 is highest, while under FF, B1980 is intermediate. B2000 is too variable to call.
E2 Levels by Chronological Age
Statistical Significance of Treatment × Genetic Line Effects
To test for statistical significance of treatment and genetic-line effects, data were analyzed as a 2-way ANOVA, with genetic line and feeding treatment as main effects. As noted in Methods, to reduce fluctuations among sample groups in the ANOVA, the data of each 2 consecutive physiological ages, starting from -9 wk were combined into "Periods", running from Period A: -9, -8 wk to Period F: +2, +3 wk. ANOVA analysis for each of the 3 hormones was implemented separately for periods B, D, and F. There were only a Table 1 . Mean plasma estradiol (E2), testosterone (TT), and progesterone (P4) levels (ng/mL) with standard error (SE) of broiler breeders tested 6 to 7 wk (Period B) and 2 to 3 wk (Period D) before initiation of egg production, and 2 to 3 wk after initiation of egg production (Period F). few sporadic significant main effects, none of which remained significant after Bonferroni correction for multiple tests. For Periods B and D, interaction effects were also not significant. Therefore, for these periods, data were combined across subclasses to provide overall estimates of time trends in hormone levels and were tested for longitudinal differences among Period means (Table 1). For comparison purposes, Table 1 also shows overall mean across subclasses for Period F, although these are biologically meaningless since as shown below there were significant differences among the subclasses in this Period.
In Period F, there were highly significant interaction effects for E2 and TT, and a similar tendency for P4. Therefore, detailed results for Period F are presented for E2, TT, and P4 showing the subclass means and interaction effects (Table 2) . We also tested for differences among subclass means in this period.
Time Trends in Hormone Levels
Returning now to the time trends in hormone levels (Table 1) , levels of E2 were moderate in Period B, with a distinct significant increase from Period B to D, and a further significant doubling from Period D (just prior to first egg) to Period F (just after first egg). This implies a functional role for E2 in the maturation and functioning of the pullet's reproductive system. Levels of TT were high in Period B, remained high in Period D, and doubled in Period F. In all 3 Periods, levels of TT were much higher on an absolute basis than levels of E2 and P4, implying a major functional role for TT in the maturation of the pullets reproductive system. Levels of P4 were very low in Periods B and D, with no change in levels from Period B to D. There was, however, a tenfold increase going from Period D to Period F. The low levels in Periods B and D accord well with lack of involvement of P4 in development of the reproductive tract, while the high levels in Period F accord with the known function of P4 in control of ovulation. Relative to the mean, standard errors of P4 in Period F were large compared to E2 and TT. This is probably due to the large diurnal fluctuations in P4 levels associated with ovulation, as the individual birds, although sampled within a rather narrow time window (9:00 to 12:00), were still not sampled at the same stage of the ovulatory cycle.
As noted above, highly significant interaction effects were found for E2 and TT, with significant differences among subclass means ( Table 2) . Inspection of the subclass means reveals a similar pattern in both hormones: B1980 SF combination had the lowest hormone levels, B2000 SF combination had the highest levels, while the 2 FF groups had very similar levels, intermediate to the 2 SF groups. This pattern can be looked at in 2 ways: (1) From a feeding treatment standpoint, under FF the 2 genetic groups are very similar, while under SF they differ widely. (2) From a genetic standpoint, under B1980 the 2 feeding treatments are similar, while under B2000 they differ widely. Thus, from feeding treatment standpoint, B1980-FF and B2000-FF are postulated as similar. From genetic line standpoint, B1980-SF and B1980-FF are postulated as similar. Examination of Table 2 shows that B2000-FF and B1980-FF are almost identical for both E2 and TT, while B1980-FF and B1980-SF although similar, do differ somewhat, particularly for TT. Thus, Pattern (1) seems to fit the data more closely. Under either formulation, hormone levels for B2000 under SF are much higher than under FF.
Turning now to P4. Although interaction effects were not significant for this hormone, examination of Table 2 shows the same pattern as found for E2 and TT: the Table 2 . Mean plasma estradiol (E2), testosterone (TT), and progesterone (P4) levels (ng/mL) with standard error (SE) of broiler breeders tested 2 to 3 wk after initiation of egg production (Period F), according to genetic line: B1980 or B2000, and feeding treatment: Slow (SF) or Fast (FF); n, number of birds tested per line × treatment combination; P, P-value for the interaction effects.
E2
TT P4 B1980-SF subclass had the lowest hormone levels and B2000-SF subclass had the highest levels, while the 2 FF groups had very similar levels, intermediate to the 2 SF groups. In addition, the signature card of the interaction is presence of a significant difference between the B2000-SF and B1980-SF means. This is also found for P4, if we allow a 1-tail test. This seems acceptable, as we are looking at the P4 data in the light of the E2 and TT results.
DISCUSSION
All steroid hormones are known to increase at the onset of lay (Mobarkey et al., 2010) . However, examination of Table 1 and the figures shows that each of the 3 hormones has its own pattern of development across the observed period. E2 shows low levels at start of observations, followed by consistent increase until after onset of lay. The increase appears to be strictly linear from beginning to end for all treatment groups except B2000 SF, which shows a sharp spike after entry into lay. This is consistent with known involvement of E2 in the development of the reproductive system. TT was present at very high levels from the very start of the sampling at 19 wk of age, and remained more or less level and high until onset of lay, when it increased considerably, again with a sharp spike for B2000 SF, as seen for E2. This is somewhat unexpected. Although TT is known to be involved in development of the female chicken reproductive tract, these high levels of TT appear to give this hormone a predominant role. P4 presents very low levels from start of observations until just before lay, when levels rise tenfold. This is as expected considering the critical role of P4 with LH in control of ovulation, while the very low levels of P4 until onset of lay are consistent with absence of any known developmental role for this hormone.
The outstanding result of this study is the highly significant interaction effect of feeding treatment and line on E2, TT, and possibly P4 as well. Under SF, hormone levels were highest for the B2000 birds, lowest for the B1980 birds, while under FF, hormone levels were very similar for the 2 genetic lines. E2 and TT are both involved in development and functioning of the oviduct and reproductive system. Levels of these hormones were much higher for B2000 birds under SF, than under FF, resulting in statistically significant treatment × line interaction effects. Since B2000 birds under SF were also much more productive than under FF treatment, it would be reasonable to conclude that SF treatment exerts at least part of its positive effect on performance in B2000 birds by increasing levels of estrogen and TT during the period around entry into lay. It is puzzling that for all 3 hormones, levels were lowest for the B1980 birds under SF. We would have expected the B2000 FF birds to have captured this spot. Also puzzling is the positive effect of SF on P4 levels in the B2000 birds. We would not expect P4 to share control mechanisms with E2 and TT, their physiological roles are so different. Perhaps the levels of P4 are not primarily a direct effect of the feeding treatment, but a downstream reflection of the levels of E2 and TT. That is, the favorable development of the reproductive tract due to effect of feeding regime on E2 and TT also improves P4 levels.
It is of interest to compare these results at the hormonal level to the results previously observed at the performance level in these birds (Eitan et al, 2014) . In performance too, there was a striking interaction for Laying % and egg mass in the 16 d following onset of lay. Feeding treatment had little effect on Laying % or egg mass for the B1980 birds (70.9% and 444.2 g under SF; 64.2% and 415.7 g under FF), while there was a very powerful effect of feeding treatment for the B2000 birds (65.1% and 541.2 g under SF; 51.5% and 399.6 g under FF). This corresponds closely to what we have described as Pattern 2. Thus, we are left with a strong statement: SF increases hormone levels for E2 and TT in B2000 pullets at entry to lay, and SF improves reproductive performance of B2000 chicks at entry to lay. It is plausible that there is a causal relationship between the 2, mediated by the known involvement of E2 and TT in development of the reproductive tract of the female chicken. Thus, etiology of OFC appears to be primarily a matter of development of the reproductive tract under influence of E2 and TT. In this, it differs from etiology of EODES which appears to more a matter of control of ovulation.
Interaction of hormone levels of fast-and slowgrowing broiler lines with feeding treatment has been observed previously. Onagbesan et al. (2006) compared a standard broiler line (S) with an experimental dwarf breeder line (E) under restricted (R) and ad libitum feeding (A). Laying % was similar for EA, ER, and SR, but much less for SA, paralleling the results found in the first part of the present study (Eitan et al., 2014) . At the hormone level, peak levels for P4 were lower for SA and ER, and higher for SR and EA. E2 levels were similar for EA and ER, but much lower for SA than for SR. Thus, here too, there was a strong treatment × line interaction at the hormone level.
In a previous experiment, Onagbesan et al., (1999) compared 2 broiler lines: GL, selected for growth rate; and FC, selected for food conversion efficiency, again under restricted (R) or ad libitum (A) feeding, with respect to P4 production by ovarian granulosa cells in response to FSH, LH, and insulin-like growth factor 1 IGF-1. There were significant interaction effects on P4 production by granulosa cells in culture when stimulated by LH, FSH or IGF-1. Levels were low and similar for GLA and FCR, and high and similar for GLR and FCA. Thus, in GL, restriction increased hormone levels; while in FC, restriction decreased hormone levels. If, based on egg production, we take GL and FC to correspond roughly to B2000 and B1980, respectively, and A and R to correspond roughly to FF and SF, we find again that restriction increased hormone levels in the faster-growing lower-laying line.
CONCLUSIONS
The results of this study show that the OFC and EODES have different etiologies. EODES is primarily a matter of control of ovulation, while OFC is a matter of development of the reproductive tract by the steroid hormones, E2 and TT. Careful feed restriction during entry to lay, by increasing steroid hormone levels, may be a useful tool to bolster reproductive performance that has been depressed by selection for faster growth rate and higher breast percent.
